The Alboran Domain, situated at the western end of the Mediterranean subduction system, is characterized by the Ronda Peridotites, one of the world's largest exposures of sub-continental mantle. Using U-Pb (LA-ICP-MS) and Ar-Ar dating, we precisely dated two tectonic events associated with the Tertiary exhumation of the Ronda Peridotites. First, shearing along the Crust-Mantle Extensional Shear Zone caused, at ca. 22.5 Ma, mantle exhumation, local partial melting in the deep crust and coeval cooling in the upper crust.
INTRODUCTION
The Mediterranean is characterized by the coexistence of backarc basins and arcuate subduction zones caused by slab rollback (e.g., Calabria, Hellenic trench; Wortel and Spakman, 2000) . The Gibraltar arc (Betics in Spain and Rif in Morocco) is marked by the exhumation of large bodies of sub-continental mantle, the Ronda Peridotites, whose role in the geodynamics of the western Mediterranean is still debated (Garrido et al., 2011; Van Hinsbergen et al., 2014) . The polycyclic history of the Ronda lithospheric section makes it difficult to unequivocally link slab rollback evolution and sub-continental mantle exhumation, as proposed for the central Mediterranean backarc system (Acosta-Vigil et al., 2016; Sánchez-Rodríguez and Gebauer, 2000; Bache et al., 2010) .
The Ronda Peridotites consist of a tectonic sliver within the Alboran crust, bounded by two major tectonic contacts. A Crust-Mantle Extensional Shear Zone at the top of the This article is protected by copyright. All rights reserved.
Ronda Peridotites accommodated extreme continental lithospheric thinning (CMESZ, red in Fig. 1 ; Afiri et al., 2011; Argles et al., 1999; Frasca et al., 2016; Précigout et al., 2013) . The crustal rocks overlying the peridotites comprise a strongly attenuated crustal section (Balanyá et al., 1997) . The metamorphic grade decreases continuously from granulite facies to unmetamorphosed rocks in the 4 km thick crustal sequence above the Ronda Peridotites (Argles et al., 1999; Balanyá et al., 1997; Barich et al., 2014) . Furthermore, shearing in the granulites was coeval and consistent with garnet-spinel mylonitization at the top of the mantle (Précigout et al., 2013; Frasca et al., 2016) . However, the age of this continental lithospheric thinning is still debated. In the granulites, garnet rims and part of the matrix crystallized during the Tertiary (Massonne, 2014; Platt et al., 2003b; Whitehouse and Platt, 2003) . A much older partial melting event has been proposed from ca. 1.4-1.2 GPa to 0.6-0.5 GPa at around 800ºC for part of the Ronda crustal section in Hercynian times (Barich et al., 2014; Ruiz Cruz and Sanz de Galdeano, 2014) . Furthermore, Jurassic ages have been obtained in pyroxenite layers within the peridotites (Sanchez-Rodriguez and Gebauer, 1999) .
The Ronda Peridotites Thrust (RPT, blue in Fig. 1 ; Frasca et al., 2015; Vitale et al., 2014) marks the second tectonic contact of the peridotites. The rocks below the Ronda Peridotites are highly diverse, with variable degrees of metamorphism from low-grade limestones to strongly mylonitized marbles (see summary in Frasca et al. (2015) ). Migmatites in the footwall and granitic dikes intruding the mantle and the crustal hanging wall yield a cluster of crystallization ages between 23 and 19 Ma (Monié et al., 1994; Sosson et al., 1998; Sánchez-Rodríguez and Gebauer, 2000, Esteban et al., 2011; Rossetti et al., 2010) . A thermal overprint on Hercynian migmatites in the thrust footwall during the Tertiary has been also reported (Acosta-Vigil et al., 2014) . A major shortening event during the Miocene therefore triggered the final crustal emplacement of the Ronda Peridotites (Tubía et al., 1997; Précigout et al., 2013) .
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This article is protected by copyright. All rights reserved. These first order geological features have yielded a diversity of tectonic models for the exhumation of the Ronda Peridotites from mantle depths to the surface. The three main models are: 1/ exhumation during the Hercynian orogeny (collision/collapse) with only passive reworking during the Alpine orogeny (Massonne, 2014; Ruiz Cruz and Sanz de Galdeano, 2014) ; 2/ exhumation during the Tethysian rifting, followed by the subduction of the Tethyan passive margin (and its lithospheric mantle) during the complex Alpine phase (Tubía et al., 1997; Vissers et al., 1993) ; and 3/ Oligo-Miocene exhumation during westward Alboran slab roll-back, followed by rift-inversion during the lower Miocene (Garrido et al., 2011; Gueydan et al., 2015; Précigout et al., 2013) .
In order to discriminate between these models, we provide new ages (U-Pb LA-ICP-MS and Ar-Ar) obtained on syndeformational structures related to both thinning and thrusting. The ages clearly separate two successive crustal melting events structurally associated with the Ronda Peridotites. We compare the new ages with the available datasets in the region and discuss their geodynamic implications.
TWO SUCCESSIVE CRUSTAL MELTING EVENTS

Structural setting
Two types of intrusion were sampled from the Ronda Peridotites and their crustal envelope (for positions of the samples, see the regional map and the N-S cross-section in Fig. 1A,C and a more precise structural location on the schema in Fig. 2A 
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The syn-deformational intrusions (e.g. GF 13-7) are structurally associated with a topto-the-W shearing along the Crust-Mantle Extensional Shear Zone (Frasca et al., 2016; Précigout et al., 2013) . Syn-deformational intrusions are located either in veins that rotated during shearing ( Fig. 2B ) or along C′-type shear bands in the high-temperature granulitic foliation ( Fig. 2C ). C′-type shear bands are slightly oblique to the regional high-temperature foliation, while veins cut the foliation at higher angles (see stereoplots in Figs. 2E,F).
In contrast, the undeformed dikes intruding the Ronda Peridotites and the crustal envelope (GF 13-5a, GF13-6, GF 13-9 and GF 13-10) crosscut the regional foliation (Figs.
2G,H) and show a random distribution in the stereographic projection ( Fig. 2L ). These dikes are therefore unrelated to the high-temperature foliations (stereoplot in Fig. 2L ) and their source is structurally identified below the Ronda Peridotites ( Fig. 2A ). This second type of intrusion was thus emplaced during the motion of the Ronda Peridotite Thrust.
Petrography and geochemistry
A magmatic origin for the syn-deformational and undeformed sampled intrusions is clearly indicated by interlocking, graphic and granophyric textures (Figs. 2D,I; see also Cuevas et al. (2006) and Barich et al. (2014) ). U-Pb LA-ICP-MS dating and Nd and Sr isotope analyses were performed at Géosciences Rennes following the procedures described in Ballouard et al. (2015) (see Tables DR1 1 and DR2 1 for details and operating conditions of the LA-ICP-MS measurements 1 ).
The isotopic signature of the dikes is similar to those of other Alboran Domain granites (Rossetti et al. (2013) and references therein). The high 87 Sr/ 86 Sr (0.715037, GF13-9, and 0.718605, GF13-7) and the low 143 Nd/ 144 Nd (0.512020, GF13-9, and 0.512026, GF13-7)
values indicate a predominantly crustal origin for both types of dikes, compatible with dehydration melting of a metasedimentary source (Table 1) . However, the different structural
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This article is protected by copyright. All rights reserved. contexts ( Fig. 2A ) and the large differences in their rare earth element geochemistry (REE, 
In situ melting in the lower crust above the peridotites at ca. 22.5 Ma
The syn-deformational intrusion in a shear zone located inside the granulites (GF13-7)
is peraluminous, mainly composed of K-feldspar, quartz and plagioclase, with accessory tourmaline, and presents a concave REE pattern (Fig. 3A ). This enrichment in heavy REE suggests that garnet was consumed in the melting reaction ( Fig. 3A and Table 1 ).
Cathodoluminescence (CL) images of the zircon grains ( Fig. 3B insets) show distinct cores and rims for some of them, although, when euhedral, the grains are fairly homogeneous.
The cores yield dates ranging from Neoarchaean to Cretaceous (Table DR3 1 ) in good agreement with the TDM value for this sample (Table DR3 1 
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This article is protected by copyright. All rights reserved. degree of partial melting and different sources (Fig. 3A) . Our samples GF13-6 and GF13-5a present REE patterns similar to those of Rossetti et al. (2013) from the Rif (Fig. 3A) . These rocks also contain slightly more plagioclase and biotite than sample GF13-7, and often titanite.
The dike from which GF13-5a was sampled crosscuts the granulite foliation. Of the zircon grains studied from this sample, three inherited cores give a Palaeozoic date of 337.2±0.13 Ma (MSWD=0.21) ( components are far less abundant than in the extensional-related sample GF13-7 and indicate a different origin, suggesting two distinct partial melting events.
Samples GF13-9 and GF13-10 consistently show inherited components similar to sample GF13-5a, suggesting a different origin from sample GF13-7. In sample GF13-9, analyses plot in a concordant to discordant position depending on the degree of Pb loss and/or the presence of common Pb (Fig. 3D) For sample GF13-10, zircon CL images show rare grains with distinct cores and rims.
Only 3 cores were dated and give Palaeozoic dates. The remaining data points give Miocene dates. The most concordant data (Fig. 3E) 
AGES OF EXTENSION AND THRUSTING IN SEMI-BRITTLE STRUCTURES
Lower-crustal melting during thinning is coeval with upper-crustal shearing accommodated by C′-type extensional shear planes (Figs. 4A,B and structural details in Frasca et al., (2016) ). 40 Ar/ 39 Ar step-heating analysis of the white micas along these C′-type shear planes (Sample B-1505, Fig. 4C ) yields a discordant age spectrum due to the mixing of two generations of mica, with a young component dated around 20 Ma and an older one of 24 Ma or older.
Therefore, the intermediate segment at 22.59±0.13 Ma is meaningless (Fig. 4C) . The riftrelated structures are then crosscut by thrust-related structures (thrusts and dextral strike-slip faults, see details in Frasca et al. (2015) ). 40 Ar/ 39 Ar step-heating analysis of the white micas extracted from the matrix of the tectonic breccia (Sample B-1503, Fig. 4D ) along one of the dextral strike-slip lateral ramps of the Ronda Peridotites Thrust (see stereoplot in Fig. 4B) gives a plateau age of 20.16 ± 0.11 Ma at the end of degassing, after the release of an excess argon component for 60% of 39 Ar (see the age spectrum in Fig. 4D , complete isotopic results in Table DR7 1 and method details in Table DR1 1 ). Note that the two generations of micas in sample B1505 (rift-related structure, Fig. 4C ) may reflect these two stages of deformation, with the old ages at ca. 24 Ma related to rifting and the young ages at ca. 20 Ma related to thrusting.
DISCUSSION AND CONCLUSION
The coupling of geochronological and geochemical data with the regional structures allows us to identify and date two distinct tectonic events during the Lower Miocene, related to mantle exhumation and its final thrust emplacement: 1-lithospheric thinning in a backarc setting leading to in-situ melting at ca. 22.5 Ma, coherent with C′-type extensional shear bands in the mid/upper crust (Ar-Ar ages); and 2-rift-inversion marked by a hot thrusting of
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the Ronda Peridotites and the overlying crustal envelope onto the continental crust, dated at ca. 20 Ma by undeformed dikes cross-cutting the former HT foliation (in both the peridotites and the overlying high-grade crustal rocks) and by brittle thrust-related faults. The differences in geochemistry, age and structural setting unequivocally separate these two different crustal melting events (Fig. 5) .
The new age of ca. 22.5 Ma for the rift-related structures is compatible with previous geochronological data attesting to Oligo-Miocene rifting in the Alboran Domain: U-Pb ages of 22.0±0.3Ma and 22.7±0.3Ma, obtained on zircon rims from granulites (Platt et al., 2003a) in Ronda and Beni Bousera (Moroccan equivalent of the Ronda peridotites); LA-ICP-MS ages of 21.3±0.3Ma obtained on syn-foliation monazites within the granulites, and an 40 Ar/ 39 Ar biotite age of 22.5±0.5 Ma from granulites overlying the Beni Bousera Peridotites Michard et al., 2006) .
The new ages of ca. 20 Ma for the dikes intruding the thinned lithosphere (GF13-5a, GF13-9 and GF13-10) are relatively younger than suggested by some previous U-Pb data Rossetti et al., 2010) . Ar-Ar data on biotites from undeformed granites (Monié et al., 1994; Sosson et al., 1998) and the Ar-Ar plateau age on white micas from thrust-related structures presented in this study support thrusting at 21-20 Ma. Finally, a major change in sedimentation in both the external and the internal domains at around 20 Ma is interpreted as
This article is protected by copyright. All rights reserved. a marker of the onset of thrusting in the Western Betics (see review in Frasca et al. (2015) ).
The compilation of available geochronological data for the Western Alboran domain (western Betics and Rif) shows a bimodal distribution of Ar-Ar ages on micas, zircon fission track (ZFT) and apatite fission track (AFT) ages, suggesting two distinct cooling events related to the two crustal-melting events reported here (Fig. 5, Table DR8 1 ) . A first cooling event occurred between 25 and 22-20 Ma and may mark the late stage of continental rifting ( Fig. 5 , see discussion in Frasca et al. (2016) ). However, the majority of ages using mediumto low-temperature thermochronometers are younger than 20 Ma (Fig. 5) . The absence of older ages in the thrust footwall (see ages in dark grey in Fig. 5 ; Monié et al., 1994; Esteban et al., 2013) supports a reset of these low-temperature thermochronometers during heating at ca. 21 Ma, as a consequence of the hot emplacement of the peridotites nappe on a colder crustal unit (Fig. 5) , followed by a general fast cooling. The characteristic time for cooling (t c ) is controlled by the thickness of the thrust sheet (the Ronda Peridotites and their crustal envelope) and its thermal diffusivity, t c =d 2 /Κ, where K=10 -6 m 2 /s (Turcotte and Schubert, 1982) . Taking 10 km as an average thrust-sheet thickness yields a characteristic time of 3.17
Ma for the conductive cooling of the thrust sheet, explaining the regional fast cooling starting at ca. 21 Ma. At the regional scale, the tectonic history of the Ronda Peridotites is the result, during slab rollback, of a fast switch at ca. 21 Ma from exhumation driven by back-arc extension (i.e. rifting) to a thrust emplacement of the overriding plate onto the Iberian margin. This sequence of events, from rifting between 30 and 21 Ma to thrusting at ca. 21 Ma, is consistent with the geodynamic model of Duggen et al. (2004) , based on geochemical tracers: subduction processes (marked by the Malaga tholeiite dikes) followed by nappe emplacement (marked by crustal melting). A remaining key issue is to identify the exact location of the rift inversion, either to the north of the Algerian margin or close to the present-day position of the
Gibraltar arc. These two hypotheses would imply either a large (e.g., Hidas et al., 2013) or a limited (e.g., Frasca et al., 2015) amount of rollback since 20 Ma, respectively. 
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This article is protected by copyright. All rights reserved. rift-related La Robla normal fault and El Chenil Low Angle Normal Fault (LANF). Blue: riftinversion-related compressional and strike-slip faults (modified after Frasca et al., 2016) . For location and details of colours see Fig. 1 . GPS locations of the sampled outcrops can be found in Table DR9 From top to bottom: i) U-Pb on zircons (Platt and Whitehouse, 1999; Sánchez-Rodríguez and Gebauer, 2000; Platt et al., 2003b; Esteban et al., 2007 Esteban et al., , 2011 ; ii) 40 Ar/ 39 Ar on micas (Chalouan et al., 2008; Monié et al., 1994; Kelley and Platt, 1999; Sosson et al., 1998; Platt et al., 2003a; Rossetti et al. 2010; Frasca et al., 2016) ; and iii) fission tracks on zircon (Platt et al., 2003a; Esteban et al., 2004 Esteban et al., , 2005 Esteban et al., , 2007 Azdimousa et al., 2013) and apatite (Hurford et al., 1999; Sosson et al., 1998; Platt et al., 2003a; Esteban et al., 2004 Esteban et al., , 2005 Azdimousa et al., 2013) . Pale and dark grey colours in the histograms correspond to samples above and below the RPT, respectively. The bimodal distributions of Ar-Ar, ZFT and AFT ages are well correlated with the two Lower Miocene tectonic events (syn-rift in red and rift inversion in blue; see sketches on top).
